ABSTRACT
INTRODUCTION
O besity in modern society has reached "pandemic" proportions and may be as high as 30% in the general US population. [1] [2] [3] [4] Alarmingly, there is a high incidence of obesity in children and adolescents [5] [6] [7] indicating that obesity will be a signifi cant health problem for the foreseeable future. In addition to reducing mobility, obesity is an underlying factor associated with a variety of life-threatening pathologies including diabetes, heart disease, and liver malfunction.
The cellular basis of obesity is increased triglyceride accumulation within adipocyte lipid droplets. Also, increased accumulation of lipid droplets within hepatocytes (steatosis) is the defi ning characteristic of both alcoholic and non-alcoholic fatty liver disease (NAFLD), conditions that can progress to cirrhosis and liver failure. 8, 9 Ominously, 20% to 35% of the general adult population in the United States may have NAFLD, and the incidence in obese individuals is ~75%. 10 NAFLD is closely associated with diabetes and the Metabolic Syndrome. 8, 11, 12 Steatosis is also present in 50% of the patients infected with HCV 13 and association of viral proteins with lipid droplets may be critical for viral replication. 14 Lipid droplets are also prominent features of skeletal muscle cells, 15 cardiac myocytes, [16] [17] [18] and pancreatic β-cells. 19, 20 Lipid droplets within macrophages also play a critically important role in the etiology of coronary artery disease, as the accumulation A similar approach has also been applied to mammalian hepatocytes. 51 Lipid droplets likely represent "organizing centers" of the metabolic enzymes involved in triglyceride metabolism and are dynamically regulated in response to the energetic demands of the cells and organism. Given their emerging recognition of their importance, lipid droplets and associated proteins will undoubtedly be studied in ever-increasing detail for years to come.
High-content analysis (HCA) is an emerging technology in which candidate pharmaceuticals or genomic (RNAi or cDNA) libraries are tested for potential benefi cial effects via assays performed on cells cultured on microtiter plates. [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] The cells are then stained or labeled to visualize structures or proteins and photographed via robotic digital microscopy workstations. The images are analyzed for information by algorithms designed to identify and extract information relevant to the cell/disease model. [66] [67] [68] [69] Advances in automatic acquisition, measurement, comparison, and pattern classifi cation tools for cellular images continue. [69] [70] [71] [72] [73] [74] [75] [76] [77] The concept that digital images from both conventional and confocal microscopy can be analyzed by an evolving set of sophisticated image analysis algorithms is advancing, not only in the context of chemical and siRNA screening, but also in the context of modern quantitative approaches to microscopy-based cellular phenotypic characterization. 78, 79 Thousands of images representing hundreds of thousands of individual cells can be acquired via HCA workstations in a single experimental session. For example, a chemical library representing 109,000 compounds was recently screened for their ability to inhibit phagocytosis (PubChem BioAssay 1029). Of key importance are continued advances in quantitative image analysis algorithms that can extract the potential wealth of information contained within cell-based images relevant to understanding the disease state and identifying effective therapeutic compounds.
Lipid droplet metabolism represents an ideal subject for HCA, since, as discussed earlier, lipid droplets pervade an exceptional number of human pathologies. Furthermore, information relevant to disease states includes not only the number and size of the lipid droplets, but also the expression level and cellular location of proteins that associate with the lipid droplets. With the overall goal of developing HCA cytometry algorithms relevant to lipid droplet metabolism, the present study was conducted utilizing cell types that included primary human adipocytes, cells derived from hepatocytes (AML12 and HuH-7 cells), primary hepatocytes, HeLa, and differentiated macrophages (THP-1 cells). For the adipocytes, the phenomenon of PPAR-γ-induced adipogenesis was examined. For the hepatocytes, HeLa, and macrophages, lipid droplets were induced by addition of fatty acids to the culture media. The results demonstrate that quantitative image analysis techniques can be used to quantify lipid droplets and lipid of cholesterol esters within lipid droplets is a defi ning cellular event leading to production of "foam" cells and atherosclerotic plaques. 21, 22 Lipid droplets (lipid bodies) within macrophages are also implicated in the etiology of tuberculosis. 23, 24 Thus, in general, cells expressing an abnormally large number of lipid droplets are often impaired in function and associated with disease pathologies. An interesting exception is skeletal muscle, in which endurance exercise increases lipid droplet content. 25 An emerging hypothesis is that lipid overload leads to "lipotoxicity" and this may underlie the broad manifestations of the Metabolic Syndrome. [26] [27] [28] Development of novel tools to investigate lipid droplet and fatty acid metabolism is thus likely to be of interest to researchers in a variety of biomedical contexts. Nascent lipid droplets form by the accumulation of neutral lipid within the membrane bilayer of the endoplasmic reticulum. [29] [30] [31] In early stages of adipogenesis, lipid droplets nucleate at many loci throughout the cell, and, as the adipocytes mature, the lipid droplets coalesce, typically into one large centrally located droplet. 32 Every step of lipid droplet formation and metabolism is regulated or infl uenced by proteins that associate with the lipid droplets. PAT proteins (named after the founding members of the family, which are perilipin, adipose differentiation-related protein (ADFP/adipophilin/perilipin2), and TIP47), are commonly associated with lipid droplets and orchestrate their formation and maturation. [29] [30] [31] 33, 34 PAT proteins are expressed in a tissue-specifi c manner, with perilipin expression restricted to adipocytes and steroidogenic cells. ADFP is also expressed in liver, and is upregulated in fatty liver disease. [34] [35] [36] Fatty acids are released from lipid droplets via the action of lipases that include hormone-sensitive lipase (HSL) and the adipocyte triglyceride lipase (ATGL) family members. [37] [38] [39] [40] Perilipin may form a functional barrier to lipolysis, as lipolysis is increased in mice in which perilipin has been knocked out. 41 Furthermore, perilipin is phosphorylated by cAMP-dependent protein kinase (PKA), 42 and this is associated with translocation of perilipin from the lipid droplets to the cytoplasm in certain adipocyte model systems. [43] [44] [45] Elevated cAMP, resulting from β-adrenergic stimulation, also leads to translocation of HSL from the cytoplasm to the lipid droplets in adipocytes. 44, 46 Perilipin may also help regulate lipolysis by ATGL. 47 Thus, regulation of lipolysis is often associated with translocation of perilipin and lipases between the lipid droplet and cytoplasm.
The lipid droplet proteins discussed above likely represent just the "tip of the iceberg" regarding the proteins that associate with droplets and modulate triglyceride metabolism. Proteomic techniques have been used to enumerate the variety of lipid dropletassociated proteins in yeast, 48 3T3-L1 cells, 49 and 248 separate lipid droplet-associated proteins have been identifi ed in Drosophila.
50

Image Acquisition
Images were acquired with a Q3DM Eidaq 100 robotic microscopy instrument (equivalent to the Beckman Coulter IC100) running Beckman Coulter's CytoShop 2.0. This instrument includes a Nikon Eclipse microscope with an automated stage interfaced to a fl uorescence light source and fi lter wheel and cubes with fi lters for UV (DAPI), FITC, and rhodamine fl uorescence. The workstation features a Windows computer, which controls stage positioning, and data acquisition. Images were acquired with a Hamamatsu Orca ERG progressive scan 1,344 × 1,024 cooled interline CCD camera, utilizing 2 × 2 binning. Typically, 4 images (representing a 2 × 2 contiguous image set) were acquired in the center of each well with either a 20× 0.5 NA (resulting in 0.6848 × 0.6848 μm 2 /pixel) or a 40× 0.75 NA "dry" objective (resulting in 0.344 × 0.344 μm 2 /pixel). Images were stored as gray-scale bit-mapped images (*.bmp).
Quantitative Triglyceride Assay
Triglyceride was measured using a total triglyceride assay kit (Zen-Bio, Inc.). Cultured cells were washed with buffer to remove residual medium and the cells lysed with lysis buffer. Accumulated triglyceride was digested with lipase for up to 3 h to release glycerol into the buffer. Aliquots were then removed and the amount of glycerol measured using Reagent A (Zen Bio, Inc.). The assay determines the amount of glycerol liberated from triglycerides by spectrophotometric detection at 540 nm and is linear over a glycerol concentration range of 0 to 200 μM.
Chemicals, Drugs, and Antibodies
DMEM was obtained from Media Tech Inc., and CellGro, respectively. Matrigel was from BD Biosciences (Cat. # 354234). Triacsin C was from Biomol (Cat # EI-218). Phorbol-12-myristate-13-acetate, used to induce differentiation of the THP-1 cells, was from Cal Biochem (catalog 524400).
Data Nomenclature
The nomenclature in CyteSeer® (Vala Sciences Inc, San Diego, CA) was developed to facilitate data reporting. During image acquisition, the same fi eld of view was typically imaged in 3 separate optical channels, to selectively visualize the nuclei, lipid droplets, and protein; thus, the 3 images channels were abbreviated as the Ni, Li, and Pi, respectively ( Table 1) . From the nuclear image, the Nuclear Analysis algorithm identifi ed the pixels associated with each nucleus, which defi ned the nuclear mask, Nm. Furthermore, from the size, position, and shape of the nuclei, the boundaries of each cell were estimated, to yield the whole cell mask, Wm. The cytoplasmic mask, Cm, was defi ned as Wm minus Nm. The droplet-associated proteins in a variety of cell contexts with great importance to human health.
MATERIALS AND METHODS
Cell Culture
Human preadipocytes were supplied from liposuction procedures by Zen-Bio (Research Triangle Park, NC). AML12, Hep G2, HeLa, and THP-1 cells were obtained from ATCC. HuH-7 cells were obtained from the Japan Health Sciences Foundation, Health Science Research Resources Bank. Primary rat hepatocytes were a generous gift of RegeneMed (San Diego, CA). Human preadipocytes were plated (13,000 cells/well, passage 2) on glassbottomed 96-well dishes (Nunc) precoated with gelatin that was cross-linked with glutaraldehyde. To coat the dishes, wells were incubated with 1% porcine gelatin (Sigma G1890) for 15 min. Excess fl uid was then aspirated, and 10 μL of a 0.5% glutaraldehyde solution was added to each well. Wells were then extensively rinsed (3×) with PBS, incubated with DMEM +10% FBS for 60 min, and rinsed 2× with phenol red-free culture medium (Gibco #31053-028). For AML12 (20,000 cells/well, passages 11-15), Hep G2, HuH-7 (20,000 cells/well, passage 50), HeLa (20,000/well), and THP-1 cells (20,000/well, passages 2-4), the wells were incubated with a 1/50 dilution of Matrigel, for 60 min, and rinsed 1× with PBS prior to plating.
Lipid Staining and Protein Labeling
Following exposure to test chemicals, cells were rinsed with PBS, and fi xed with 4% paraformaldehyde (15 min, room temperature), followed by 15-min permeabilization with either 0.1% Triton-X (adipocytes) or 0.01% saponin (other cell types) plus 0.1% BSA prepared in PBS. Permeabilization and all other steps were performed with rotation at 37°C. After fi xation, cells were incubated with Vala Science's Lipid Staining reagent prepared in blocking buffer (10% normal goat serum, 3% bovine serum albumin, 0.02% sodium azide, in PBS) for 30 min to label neutral lipids in the green fl uorescence channel. The samples were then rinsed 3 times with PBS, and stained for nuclei by incubating for 20 min in DAPI (250 ng/mL DAPI prepared in 10 mM Tris, 10 mM EDTA, 100 mM NaCl, 0.02% sodium azide, buffered to pH 7.4).
Vala Sciences Inc's Perilipin and protein kinase C (PKC) reagent kits were used to label perilipin and PKC, which were visualized in the red fl uorescent channel. For HSL, a chicken polyclonal was used (Chemicon, Ab3525), which was visualized with an Alexa594-goat anti-chicken (Molecular Probes, A11042). A goat polyclonal antibody obtained from Dr. Constantine Londos (NIH) was used to visualize ADFP in combination with a Cy3 donkey anti-goat antibody (Chemicon, AP180C).
Pearson's correlation (P r ), and the Manders' colocalization coeffi cients M 1 and M 2 . 80 Additional colocalization coeffi cients, corresponding to the Manders' Overlap and Split Overlap coeffi cients, were also encoded in the Colocalization algorithm, but were not used in the present report. To represent the data parameters, the pixel intensity (or colocalization coeffi cient) is listed fi rst followed by the image then mask. Thus, Tii Li Lm is the total integrated pixel intensity for the lipid image and lipid mask, and "P r Li Pi Wm" is the Pearson's correlation, lipid image, protein image, whole cell mask. In all, 62 different data parameters were reported for each cell by CyteSeer®'s Lipid Droplet algorithm; the Colocalization algorithm reported an additional lipid droplet mask, Lm, was defi ned all pixels associated with a cell identifi ed as lipid droplets by the Lipid Droplet algorithm. Similarly, pixels identifi ed as above threshold in the protein image by the Colocalization algorithm were defi ned as the protein mask, Pm. The area of each mask was reported on a "per cell" basis, as was the lipid droplet count (LDC). The mean diameter of the droplets (LDD) was estimated using a root mean square procedure.
For a given image and mask, three separate intensity parameters were reported, which included the total integrated pixel intensity (Tii), the average pixel intensity (Api), and the median pixel intensity (Mpi). Colocalization data was also reported between the lipid and protein images, corresponding to the Image channels and masks are abbreviated with 2 characters, where fi rst letter refers to the cell structure being considered and the second letter (lower case) designates image (i) or mask (m), respectively; thus "Ni" is the nuclear image, whereas "Nm" is the nuclear mask. Area data (Ar) has units of μm 2 /cell. Lipid droplet count (LDC) is the number of lipid droplets per cell. Average and median pixel intensity (Api and Mpi) values ranged from 0 to 255, as the images in this study were 8-bit depth. Total integrated intensity is the sum of intensities for all pixels in the designated image and mask. For colocalization, Li and Laver refer to the individual and average pixel intensities of the lipid image whereas Li,coloc is the pixel intensity within the lipid image for pixels that are also above threshold in the protein image. Similarly, Pi and Paver refer to the individual, and average pixel intensities of the protein image and Pi,coloc is pixel intensity within the protein image for pixels that are also above threshold in the lipid image. Pearson's correlation (P r ) and the Manders' colocalization coeffi cients (M 1 and M 2 ) are dimensionless. P r ranges from −1.0 (perfect exclusion) to 1.0 (perfect colocalization) with a value of 0 indicating a random distribution between the 2 labels; M 1 and M 2 range from 0 to 1.0.
where σ + and σ − are the standard deviations (SDs) of the positive and negative controls, respectively, and μ + and μ − are the corresponding means, respectively. Z′ has a theoretic range of negative infi nity to 1.0 (an ideal assay in which there is no standard deviation and fi nite separation between means would yield Z′ = 1.0). Z′ values >0.2 are considered very good for an assay, and Z′ are conceptually much more stringent than P < 0.05 determination from a t-test (Z′ can be negative, yet P could be <0.05). Assays in which Z′ > 0.50 are considered excellent for high-throughput screening applications involving thousands to hundreds of thousands of test compounds, as there is very little chance that false positive hits will arise from random variation in the data.
15 parameters relating to the protein channel and colocalization between the lipid and protein. Reports were created as *.csv fi les that were uploaded into Excel for analysis and included cell by cell readouts, in which data parameters were reported for every cell in a well, and well-by-well readouts, which represented the data averaged across all cells imaged in a well (see Table 2 ).
Statistical Analysis
To quantitatively assess the suitability of the various assays for subsequent use in HCA screening applications, Z′ values were calculated. Z′ is an index of the dynamic range of an assay, which is a function of the ratio of the sum of variabilities of the maximum and minimum control values and the difference between their means, 81 Cell-by-cell readout: LDC, Area Lm, the Ratio of Area Lm/Area Wm, Tii Li Lm, Api Li Lm, and Mpi Li and Lm are reported for an experiment with AML12 cells. Data are shown for the fi rst 6 cells from well A1 out of a total of 914 cells that were imaged and analyzed for this well. Area Lm is in pixel units. Well-by-well readout: The number of cells (NOC) analyzed per well is shown, along with the mean values of the data parameters (averaged across all cells that were imaged in the well) for the fi rst 6 wells in this experiment (out of a total of 96 wells). Additional population statistics can also be reported for each data parameter including medians and standard deviations. A1 is a control well, A2 received oleic acid that stimulates lipid droplet formation. Wells A3-A6 received oleic acid plus increasing amounts of triacsin C, an inhibitor of lipid droplet formation (see Fig. 7 for summary data).
Droplet and Colocalization algorithms. 84 CyteSeer®'s novel image viewer (free via download from Vala's Web site) displays images in user-selectable colors, as well as zoom and contrast controls. Usercontrolled sensitivity settings enable adjustment of the images segmentation algorithms to enable "fi ne-tuning" for differences between brightness, contrast, and signal-to-noise levels between various sets of images. An example fi eld of view obtained from human preadipocytes exposed to a proprietary PPAR-γ agonist, is shown in Fig. 2 . The Lipid Droplet algorithm produced a mask that Statistical tests used to test for differences between experimental groups included ANOVA, followed by the post hoc tests Dunnett's test or Newman Keuls, and were performed with GraphPad Prism version 5.02. EC 50 and IC 50 determinations were performed using the least-squares curve fi tting, log agonist vs. responses (3 parameters) option of GraphPad.
CyteSeer®'s Algorithms
The Lipid Droplet algorithm in Vala Science's CyteSeer® Image analysis platform program uses the nuclear and lipid images to quantify the lipid droplets associated with each cell in the fi eld of view. The algorithm was fi rst developed with images obtained from human subcutaneous preadipocytes exposed to different doses of rosiglitazone (rosi), an anti-diabetic PPAR-γ agonist that strongly induces lipid droplet formation in this cell type, which were very well visualized by fl uorescence microscopy ( Fig. 1A and 1B ). The prototype algorithm was developed in Matlab (Mathworks). Images were convolved with the 7 × 7 "Mexican top hat" fi lter 82 to enhance contrast, and further intensity thresholded into binary masks of the lipid droplets ( Fig. 1C and 1D ). Matlab functions were used to calculate the area, the number, equivalent circle radius, the average intensity, and the standard deviation of the intensity of each lipid droplet. To validate results from the Lipid Droplet algorithm, samples cultured in an identical fashion were assayed for total triglycerides. Rosiglitazone was found to increase triglyceride production (as assayed biochemically) and lipid droplets (as assayed with the Lipid Droplet algorithm) with very similar dose-response relationships ( Fig. 1E and 1F ). Rosiglitazone also increased lipid droplet size and lipid staining intensity with a similar dose-response relationship (data not shown). Thus, the Lipid Droplet algorithm was ported into Java and incorporated into Vala Science's CyteSeer® Image analysis platform program.
Proteins that associate with lipid droplets are of high interest to the biomedical community as they control triglyceride metabolism and related processes. Thus, a related algorithm was developed (the Colocalization algorithm) to quantify the expression level of a protein visualized in a third channel, along with the degree to which the protein colocalizes with the lipid droplets. To generate cell samples for prototyping purposes, human preadipocytes were exposed for 19 days to a proprietary PPAR-γ agonist from Zen-Bio to induce lipid droplet formation, then fi xed, and stained, as above, utilizing the Vala Lipid Staining reagent. The cells were then labeled for perilipin, which was found closely associated with the majority of the lipid droplets in cells treated with the PPAR-γ agonist.
CyteSeer® is Vala's successor to Thora TM , both of which perform true cell-by-cell cytometry. 70, 83 CyteSeer® incorporates a userfriendly GUI, cross-platform compatibility (PC, Macintosh, and Linux operating systems), improved data storage, and the Lipid The lipid and nuclear images are shown at a higher magnifi cation, and the lipid droplet "seed mask" is overlaid (white spots). (F) The lipid, nuclear, and perilipin images are shown along with the cell boundary mask and cell identifi cation numbers; the white arrow identifi es a boundary between a cell that features extensive lipid droplets (Cell #91) versus a cell with few droplets (Cell #99). All panels were derived from the same fi eld of view and represent screenshots from CyteSeer®'s Image Viewer. The scale bar is 50 μm.
Human preadipocytes, especially those that have just begun the adipogenesis program, often feature small lipid droplets that label much more dimly than the larger lipid droplets typically found in more mature cells. Such lipid droplets are readily identifi ed by CyteSeer® and can be viewed by increasing the "contrast" adjustment of the Image Viewer (Fig. 3) . The sensitivity of CyteSeer®'s algorithms can be adjusted for optimal quantifi cation of images obtained under different conditions of labeling intensity and magnifi cation.
RESULTS
Quantifi cation of Lipid Droplets in Human Adipocytes in an Automated Fashion by CyteSeer®
To test the hypothesis that CyteSeer® could quantify lipid droplets within adipocytes on a cell-by-cell basis under conditions appropriate for high-throughput screening, human subcutaneous preadipocytes were plated on a 96-well dish and exposed to rosi at concentrations ranging from 0 to 3,000 nM for 9 days; the cells were then fi xed, permeabilized, and labeled for nuclei and lipid droplets using Vala reagents, and imaged with a Beckman IC100 Image Cytometer. Note that the 9-day exposure period represents a relatively short-time period for exposure to rosiglitazone, as 14 to 21 days of exposure are required for full maturation of the adipocyte phenotype. The shorter time point was chosen because the Lipid Droplet algorithm accurately identifi es small lipid droplets that arise early during the adipogenesis program (see above). Also, since cells in outer wells of 96-well plates tend to behave inconsistently, perhaps due to differential evaporative or other "edge effects" (unpublished observations), cells in the outer wells were not treated with rosi, and were not considered for analysis. In the absence of rosi, 26.1% of the preadipocytes developed lipid droplets (Fig. 4A) . The percentage of cells expressing lipid droplets increased as a function of rosi concentration reached a maximum of 72.9% (~3-fold of control) in the presence of 1,000 nM rosi, and the EC 50 for this effect was 55.9 nM. Many other data parameters derived from the lipid image also increased in a similar manner, including LDC (which increased from ~1/cell to 4/cell), the LDD (which increased from 2 to 9 μm), and Api Li Lm (which increased from 22 to 91 pixel intensity identifi ed the lipid droplets with good fi delity (compare Fig. 2A  and 2B ). Small outlying spots in the lipid mask typically represent small dim droplets in the original images. The perilipin label is very closely identifi ed with the outer edges of the lipid droplets (Fig. 2C) , and was well identifi ed by the Colocalization algorithm (Fig. 2D) . The protein mask, determined from the perilipin image, often coincides with entire lipid droplets, rather than just the edges of the droplets, which may be somewhat contrary to expectation. However, for the perilipin images, the pixel intensity values within the center of the lipid droplets are often signifi cantly higher than the overall background of the images, leading to assignment of these pixels to the protein mask. The Lipid Droplet algorithm estimates the likely center point of each lipid droplet as the "Seed Mask" (Fig. 2E) ; typically, each droplet identifi ed by visual inspection of the image was also represented by a single point.
To enable cell-by-cell analyses, and to estimate the boundaries between the cells, a variation of Vala's proprietary Membrane algorithm 84 tessellates cell border estimates and enables measurements of cell position, size, and pseudo-cell boundaries between the nuclear images. Since lipid droplets in adipocytes are typically closely associated with the nucleus, the tessellation-based algorithm performs reasonably well at assigning lipid droplets to the correct cell (Fig. 2F) , as judged by visual inspection. Thus, by using the Lipid Droplet, Colocalization, and the Membrane Tessellation algorithms, CyteSeer® quantifi es lipid droplets and perilipin expression on a true cell-by-cell basis. The average area of the protein mask (which corresponds to the perilipin mask in this experiment). Each bar is the mean ± SD for n = 6 wells. Z′ values were calculated between the sample groups corresponding to 0 vs. 1 μM (10 −6 M) rosi. Asterisks (*, **, or ***) represent P < 0.05, P < 0.01, or P < 0.001, respectively, vs. the controls (ANOVA followed by Dunnett's test).
the values obtained with 1,000 nM rosi, suggesting that there may be a toxic effect associated with the higher concentration.
Colocalization Analysis of Lipid Droplets and Proteins
A goal of the project was to develop the methodology to quantify colocalization between lipid droplets and proteins as this is of high interest in the lipid droplet fi eld; additionally, quantifying subcellular locations of cellular structures or proteins is a potential strength of the HCA approach and very relevant to control of lipid metabolism. To test this approach, preadipocytes exposed to the proprietary PPAR-γ agonist for 14 days were visualized for lipid droplets and for proteins that varied in the degree to which they associate with lipid droplets, which included HSL, PKCα, or perilipin.
Unlike perilipin, HSL labeling did not colocalize with the droplets under the conditions used in this study; instead, HSL label was distributed throughout the cellular compartments, in a fi nely granular manner (Fig. 5A-5C ). Consistent with the nature of the distribution of the HSL label, the P r values calculated between the lipid and the HSL images were near zero, or slightly negative (see Fig. 5 for representative images and Table 3 for data). The results imply that the HSL label is randomly distributed with respect to the lipid stain. It has been established that β-adrenergic stimulation elicits migration of HSL to the lipid droplets in certain adipocyte model systems, 46 and developing techniques to quantify this translocation is in progress (unpublished results). For the present study, the images representing HSL provide examples in which the labeling pattern is not associated with the lipid droplets, in contrast to the strong lipid dropletassociated labeling pattern obtained with perilipin.
Interestingly, the images of PKC distribution somewhat resemble the images of HSL, in that PKC is distributed throughout the cell; however, close examination reveals that the brightest labeling for PKC often occurred at the edges of the lipid droplets (Fig. 5D-5F ); P r Li Pi Wm values of units) (Fig. 4B-4D ). Ar Pm, the area of the Protein mask (in this case for perilipin), also increased with a similar dose-response and fold stimulation (increased 4-fold by 1,000 nM rosi, Fig. 4E ). For all of these data parameters, Z′ values were ≥0.54 as calculated between the cells exposed to 0 vs. 1,000 nM rosi. These Z′ values are exceptionally high, especially for cell-based assays, and indicate that the methodology is suitable for high-throughput screening. Furthermore, since such high Z′ values can only be achieved when there is relatively little variability between the control and maximally stimulated samples, the assay proved to be exceptionally sensitive to effects of low concentrations of rosi. For example, a statistically signifi cant increase (P < 0.05 vs. 0 rosi) in LDC was achieved with rosi = 1 nM (1 × 10 −9 M, Fig. 4B ) and 10 nM rosi led to statistically signifi cant increases in the percentage of cells with lipid droplets (Fig. 4A) , LDD (Fig. 4C) , and Ar Pm (Fig. 4E) . Lipid droplets obtained with 3,000 nM rosi were reduced compared to In a related experiment, adipocytes treated with rosi (1,000 nM) were stained for lipid droplets and labeled for perilipin or stained for HCS CellMask TM , a compound that is visualized in all cellular compartments. In this experiment (Table 3, Exp. 2), the P r Li Pi Wm values for perilipin averaged 0.480. In contrast, HCS CellMask TM , which was distributed throughout the cell, including the nucleus yielded an average P r Li Pi Wm value of 0.186, and the results for HCS CellMask TM were signifi cantly different from the perilipin values. Overall, these data demonstrate that P r can be used to quantify the association of proteins with the lipid droplets, and this can be done in an automated fashion as part of an HCA procedure.
Quantifi cation of Lipid Droplets in Hepatocytes
The image and data analysis strategies discussed earlier were developed to quantify lipid droplets and associated proteins that appear in adipocytes during the adipogenesis process. Hepatocytes also feature small lipid droplets, and such lipid droplets are the causative factor in fatty liver disease and may participate in the pathological responses elicited by HCV. To test if the Lipid Droplet and Colocalization algorithms can quantify lipid droplets and associated proteins in hepatocytes, experiments were carried out with AML12 cells, a murine hepatocyte-derived cell line, and also with HuH-7 and HepG2 cells, which are derived from human hepatocytes. A small pilot experiment was also carried out with primary rat hepatocytes. In these experiments the cells were 0.156 to 0.167 were found ( Fig. 5F and Table 3 ), suggesting a mild association of PKC with the lipid droplets.
As is widely known and shown earlier, perilipin is closely associated with lipid droplets and scarcely detectable at other cellular locations; the P r Li Pi Wm ranged from 0.322 to 0.429 for perilipin for this experiment, which were the highest values obtained for the experiment. This indicates partial colocalization of perilipin with the lipid label. A partial, rather than perfect, colocalization is expected since perilipin is localized on the edges of the droplets, but not within the center of the droplets where the lipid staining is the brightest. Thus, within the context of the entire cell, perilipin is colocalized with the lipid droplets; however, within the context of individual lipid droplets, perilipin expression is brightest near the edges of the droplets, where the lipid stain is faintest. P r Li Pi Wm for perilipin did not appreciably change with the dose of rosi; thus, perilipin was always associated with lipid droplets, even under conditions in which perilipin and lipid droplet expression was low. This is consistent with the hypothesis that lipid droplets help stabilize perilipin, protecting it from degradation. 85 Since the P r Li Pi Wm values in this experiment were consistent for each dose of rosi, the values obtained for each protein obtained at the different concentrations of rosi were averaged, and then analyzed for statistically signifi cant differences versus the other proteins. The average P r Li Pi Wm values obtained for each protein differed from one another at P < 0.05 ( the masks developed for the lipid droplets and ADFP are compared, certain lipid droplets were co-labeled (as yellow regions in Fig. 6C ), but much of the ADFP label was independent of the labeled lipid droplets. For oleic acid-treated AML12 cells, lipid droplets were abundant and distributed throughout the cell (Fig.  6D) . Also, the ADFP label was brighter than for control cells, and the ADFP label was closely associated with the lipid droplets ( Fig.  6D and 6E) . Masks developed for the lipid droplets and ADFP for oleic acid-treated AML12 showed extensive overlap (yellow regions Fig. 6F ). Cells exposed to oleic acid plus a maximally incubated in the absence or presence of oleic acid, and stained for lipid droplets as well as for ADFP, a protein that is prevalent in hepatocytes that is known to associate with lipid droplets.
Control AML12 cells, maintained in the absence of oleic acid, expressed relatively few lipid droplets (Fig. 6A) but did feature signifi cant ADFP labeling as an overall diffuse cytoplasmic label that also included numerous punctate structures (Fig. 6B) ; the punctual regions of ADFP label often correlated with lipid droplets, but much of the ADFP label did not obviously coincide with lipid staining. When images from control cells were analyzed and Images A, D, and G were optimized for brightness and contrast in an identical manner, so that faint lipid droplets within A and G could be more easily seen; images B, E, and H were also optimized identically, to increase visualization of ADFP in B and H. In the original images for D and E, pixel intensities were not saturated. Scale bar in A is 50 μm, and applies to all panels.
effective concentration of triacsin C (5.4 μM), an inhibitor of acylCoA synthetase, exhibited a phenotype much like cells cultured in the absence of oleic acid (Fig. 6G-6I) . The inhibitory effect of triacsin C on lipid droplet formation is consistent with the likely role of acyl-CoA synthetase in lipid droplet formation. As quantifi ed by the Lipid Droplet algorithm for AML12 cells visualized with a 20× objective, control cells featured an average 1.1 lipid droplets per cell and oleic acid elicited a ~4-fold increase in the number of lipid droplets (Fig. 7A) . Oleic acid also elicited a 21.6-fold increase in the area of the lipid droplet mask/cell (Fig.  7B) , a 21.0-fold increase in the ratio of the area of lipid mask to the whole cell area (Fig. 7C) , and a 25.7-fold increase in the total integrated intensity of the lipid mask/cell (Fig. 7D) , which represented the greatest fold-response among the data parameters. Data from this multi-comparison experiment were analyzed statistically via ANOVA followed by Newman Keuls post hoc analysis, which compares each condition in the experiment to every other condition in a pairwise manner. For all data parameters, the effect of oleic acid was highly statistically signifi cant (P < 0.001) versus the control cells (no oleic acid). Triacsin C inhibited the effect of oleic acid with an IC 50 of ~1 μM (the IC 50 values for the data parameters Ar Lm, Ar Lm/Ar Wm, and Tii Li Lm were 1.15, 1.00, and 0.86 μM, respectively), and statistically signifi cant inhibitory effects (P < 0.05, compared to oleic acid, alone) of triacsin C versus oleic acid were found for doses as low as 0.08 μM (for the data parameter Ar Lm/Ar Wm, Fig. 7C ).
The data for the AML12 cells was exceptionally consistent. Z′ values of 0.74, 0.72, 0.86, and 0.82 were obtained, respectively, for LDC, Ar Lm, Ar Lm/Ar Wm, and Tii Li Lm for the effect of oleic acid for the data depicted in Fig. 7 . The inhibitory effect of triacsin C on oleic acid-induced lipid droplet formation was also quantifi ed with very low variability, especially for the Tii Li Lm parameter, yielding a Z′ value of 0.64 (Fig. 7D ). These data demonstrate that AML12 cells will likely be very useful for screens conducted to identify compounds that either stimulate lipid droplet formation, when added alone, or antagonize oleic acid-induced lipid droplet formation, if added in the presence of oleic acid. Thus, the cell line appears ideal for identifying chemical probes for the lipid droplet formation pathway, and identifying chemicals that may antagonize hepatic lipid droplet formation, which might be relevant to fatty liver disease.
Lipid droplets in the HuH-7 human hepatocyte cell line were also very well visualized (data not shown), and these were quantifi ed with good consistency by CyteSeer®. HuH-7 cells cultured in the absence of oleic acid featured an average of 4 lipid droplets/cell, and lipid droplet count was increased ~2-fold by oleic acid (Fig. 7E) . Thus, HuH-7 cells feature a greater number of lipid droplets/cell than AML12 cells under basal conditions. Oleic acid elicited a 3.3-fold increase in Tii Li Lm for HuH-7 cells (Fig. 7F) . The effect of oleic acid was highly signifi cant on all data parameters (P < 0.001). Triacsin C inhibited the effect of oleic acid on LDC and Tii Li Lm with an IC 50 s of 0.42 and 0.33 μM and the inhibitory effect of 0.08 μM triacsin C in the presence of oleic acid was highly signifi cant (P < 0.001) for both data parameters. Excellent Z′ values were obtained for both the effect of oleic acid (0.66) and the effect of triacsin C in the presence of oleic acid (Z′ = 0.58, Fig. 7F ). Thus, HuH-7 cells are also a likely candidate for high-throughput screens designed to identify chemical probes for the lipid droplet pathway, or to identify potential inhibitors of hepatic lipid droplet formation.
Colocalization Analysis of Lipid Droplets and ADFP in Hepatocytes
To quantify the colocalization of lipid droplets with ADFP, the plate from the previous experiment with AML12 cells was imaged with a 40× objective and the images analyzed by CyteSeer®'s Colocalization algorithm. To simplify the data presentation, the results are shown only for the control cells and for the cells treated with oleic acid, alone (Fig. 8) . Since additional sample groups were present in the complete data set (eg, samples representing wells exposed to oleic acid plus lower doses of triacsin C), the data set from images scanned at 40× was statistically analyzed with Dunnett's multiple comparison's procedure that can be used to compare the control groups with selected experimental groups in multiple comparison experiments. For the images obtained at 40×, an average of 3.4 lipid droplets/cell were observed for the control cells, and this was increased 4.4-fold by oleic acid (Fig.  8A) . The greater number of lipid droplets/cell versus the data depicted in Fig. 7 is likely due to the use of a higher powered objective (40×) for image acquisition in this scan (a 20× objective was used previously).
Lipid droplets tend to occur in clusters in AML12 cells. These clusters can appear as a large single droplet (sometimes irregularly shaped) at low magnifi cation, but are resolved into discrete smaller droplets by higher magnifi cation. Thus, imaging at a higher magnifi cation yields a greater number of droplets per cell. Tii Li Lm was increased 81-fold by oleic acid with a Z′ value of 0.64 (Fig. 8B) . The area of the cell identifi ed as ADFP-positive by the Colocalization algorithm was increased 2-fold by oleic acid (Fig. 8C) . The effects of oleic acid on LDC, Tii Li Lm, and Ar Pm were signifi cant at P < 0.01.
Regarding colocalization of ADFP with the lipid droplets, P r Li Pi Wm for control cells averaged 0.47, indicating a high degree of colocalization. For cells exposed to oleic acid, the mean value was somewhat elevated (0.58), but this degree of elevation did not meet the criteria of statistical signifi cance in this multiple 
Analysis of Lipid Droplets and ADFP in Primary Hepatocytes
A similar experiment was also performed with primary rat hepatocytes. Hepatocytes isolated from an adult rat were plated on a 96-well dish, then exposed to 200 μM oleic acid overnight, then fi xed and stained for lipid droplets, and labeled for ADFP. More lipid droplets were found, per cell, for this cell type than for any of the hepatocyte-derived cell lines, and the droplets were well resolved by the imaging and by the automated algorithm. For the control cells, a relatively large number of small, weakly staining droplets were found (a mean of 101 per cell; Fig. 9A ). ADFP was found both bordering the lipid droplets and, also, throughout the cytoplasm (Fig. 9B) . For cells exposed to oleic acid ( Fig. 9C and 9D) , there was an average of 195 lipid droplets per cell (Fig.  9E) , and the total integrated intensity of the lipid droplets (TLL) was 14-fold comparison experiment. The M 1 colocalization coeffi cients were similar for control versus oleic acid-treated cells, and relatively high (mean values of 0.70 and 0.56, Fig. 8E ). In contrast M 2 averaged 0.14 for control versus 0.77 for oleic acid-treated cells (Fig.  8F) , with very good consistency and this difference was statistical signifi cance (P < 0.01) and yielded a Z′ value of 0.61. 632 to 1,033 cells/well). For F, cells were imaged with a 10× objective, and 8 images were collected and analyzed per well (7,340-9,594 cells per well). For all panels, each bar represents the mean ± SD for n = 8 wells. The fi rst Z′ is for the effect of OA (calculated between fi rst and second columns); the second Z′ is for the effect of 5.4 μM TC in the presence of OA (calculated between the second and fi nal columns). Asterisks (*, **, or ***) represent P < 0.05, P < 0.01, or P < 0.001, respectively, vs. the control wells (fi rst column), ANOVA followed by Newman Keuls post hoc analysis. Carets (^, ^^, or ^^^) represent P < 0.05, P < 0.01, or P < 0.001, respectively, vs. wells treated with OA only (second column).
( Fig. 9H) . Thus, the colocalization constants calculated for lipid droplets and ADFP for the primary rat hepatocytes were very similar to those determined above for lipid droplets and ADFP in AML12 cells.
Analysis of Lipid Droplets HepG2 Cells
HepG2 cells were also tested using the same methodology. However, HepG2 cells were somewhat 3-dimensional and had a tendency to clump. The HepG2 featured a large amount of lipid droplets in the control state (images not shown), with the lipid droplets representing 18.8% of the cell area. Addition of oleic acid to the HepG2 cells resulted in approximate 2-fold increases in the percentage of lipid droplet area, lipid droplet count, and TLL (data not shown).
Quantifi cation of Lipid Droplets in HeLa and THP-1 Cells
To test if CyteSeer® could quantify lipid droplet formation in HeLa (human cervical cancer-derived) and THP-1 cells (human macrophage-derived cells), the cells were treated with oleic acid and stained for neutral lipids via techniques identical to that used for the hepatocytes. In a time course experiment, HeLa cells were exposed to 150 μM oleic acid for time periods of 1, 2, 4, 7, and 24 h. As quantifi ed by the Lipid Droplet algorithm, control HeLa cells contained an average of 3.2 lipid droplets per cell, and this was increased to 11.3 lipid droplets per cell at the 7 h time point (data not shown), which was the maximum number of droplet/ cell that was observed for the experiment. The lipid droplet masks from HeLa cells were of high fi delity with regard to the lipid droplets ( Fig. 10A and 10B) . For HeLa cells, one of the most consistent data parameters derived from the image set was the difference between the median pixel intensity of the lipid image at the lipid mask and the median pixel intensity of the lipid image at the cytoplasmic mask (Mpi Li Lm-Mpi Li Cm); this data parameter was signifi cantly increased ~3-fold after just a 1 h exposure to oleic acid, and increased 16-fold over the course of the experiment with a Z′ value of 0.20 (Fig. 10E) .
THP-1 cells were proliferated in suspension, and then differentiated to the macrophage phenotype by plating in the presence of 100 nM PMA. The cells were then exposed to different concentrations of oleic acid overnight. The Lipid Droplet algorithm readily higher (Fig. 9F) . In contrast, addition of oleic acid had only a mild effect on overall ADFP expression, as the area of the ADFP label was increased by just 11% (data not shown). The P r Li Pi Wm for the colocalization of the lipid droplets and ADFP was 0.60 for control cells and this increased to 0.66 for cells treated with oleic acid (Fig. 9G) For example, the lowest dose of oleic acid used in the experiment (19 μM) elicited a 30% increase in this parameter that was highly statistically signifi cant (P < 0.001) and Z′ = 0.69 for the comparison between control cells and cells exposed to 300 μM oleic acid (Fig. 10F) .
DISCUSSION
The present study describes the development of high-content/high-throughput methodology for quantifying lipid droplets and lipid droplet-associated proteins in adipocytes and other cell types. Lipid droplets and associated proteins are an ideal subject for highcontent microscopy analysis, as the nuclei, droplets, and proteins are readily visualized in separate fl uorescence channels in cells that have been cultured in a high-throughput fashion.
To develop our methodology, we initially chose primary subcutaneous preadipocytes, harvested from adult humans via liposuction, as a model system. These were induced to produce lipid droplets by exposing the cells to rosi or a proprietary PPAR-γ agonist. The preadipocytes adhered strongly to the multi-well dishes required for high-throughput automated microscopy and were relatively fl at, so that images could be captured at a single focal plane that visualized most of the lipid droplets with good focus.
The Lipid Droplet algorithm was designed to recognize the very small droplets that originate in subcutaneous preadipocytes during the beginning of the adipogenesis differentiation pathway induced by PPAR-γ agonists. The algorithm quantifi ed the effects of rosi with excellent consistency, yielding Z′ values >0.50 for a variety of data parameters. Thus, the assay is suitable for high-throughput screening of chemical libraries, containing hundreds of thousands of compounds. Relatedly, the consistency of the analysis achieved by the algorithm also allowed subtle effects to be quantifi ed, such as the positive effects of low concentrations (1-10 nM) of rosi on the lipid droplets in the human adipocytes. A benefi t of developing methods to quantify the small droplets associated with the beginnings of adipogenesis is that the algorithm also proved capable of quantifying lipid droplet formation in a variety of non-adipocytes, as shown here for hepatocytes, HeLa, and macrophages.
The use of colocalization analysis to quantify the association of proteins with lipid droplets provided a identifi ed lipid droplets in the THP-1 cells (Fig. 10C and 10D) . present prior to lipid droplet formation, and which migrates to the surface of droplets at early stages of droplet formation, as has been previously observed for ADFP. 30, 91 Of the hepatocyte-derived cell lines considered in this study, under control conditions, AML12 cells expressed the fewest and smallest droplets, followed by the HuH-7 cells, and HepG2 cells. This is consistent with the origin of each cell line. AML12 cells were derived from a transgenic mouse overexpressing TGF-α 92 and are mitotic, but retain many features of normal hepatocytes. Both HuH-7 93 and HepG2 94 cells, however, were derived from hepatocellular carcinomas. Lipid droplets are common in hepatocellular carcinomas as the enzymatic pathways responsible for lipid droplet formation are up-regulated in this cancer type 95 ; furthermore, fatty liver disease and Metabolic Syndrome are risk factors for hepatocellular carcinoma. 96 Thus, the AML12 cells likely represent a model for "normal" liver, whereas HuH-7 and HepG2 might best be considered models for fatty liver. Our results suggest that AML12 and HuH-7 are readily suitable for high-throughput/highcontent-based screening strategies to screen chemical or genomic libraries for probes or genes that increase or inhibit lipid droplet formation in the context of the hepatocyte. Primary rat hepatocytes also responded to oleic acid with a very strong increase in lipid labeling. The colocalization analysis of lipid droplets and ADFP label yielded similar results for the primary hepatocytes and AML12 cells, which is further evidence of the near-normal phenotype of the AML12 cell line.
The results with the macrophages suggest that this methodology can be used to screen macrophage-type cells for probes or genes that infl uence lipid droplet metabolism in the context of coronary artery disease 21, 97 and tuberculosis, 23, 24 two diseases in which "foam" cells (macrophages loaded with lipid droplets) play a strong role in the respective etiologies.
Image-based high-content screens designed to probe lipid droplet metabolic pathways via use of siRNA libraries and related techniques have recently been performed for Drosophila S2 and KC167 cell lines and have identifi ed Coat Protein Complex I (COPI) proteins as important mediators of lipid droplet formation 98, 99 ; furthermore, the relevance of these fi ndings to mammalian cells was confi rmed with AML12 and 3T3-L1 cells. 99 Also, image-based analysis of lipid droplets in yeast deletion strains has identifi ed a lipid droplet regulating function for seipin, a protein mutated in patients with Berardinelli-Seip congential lipodystrophy, a condition in which adipose tissue is severely reduced. 100 In these previous studies, digital images were acquired from the relevant cell models, and the images laboriously analyzed by visual inspection, or by custom-designed image analysis algorithms. The Java-encoded algorithms used in this study are portable to a variety of computer operating systems (PC, Macintosh, Linux), degree of quantifi cation not typically considered in studies of PAT proteins. In adipocytes, cells were co-visualized for lipid and perilipin, a protein well known to be tightly associated with lipid droplets. Pearson's correlation values determined between the lipid and protein images over the whole cell mask (P r Li Pi Wm) for perilipin versus lipid droplets averaged approximately 0.37 to 0.48 in these experiments, indicating a high degree of colocalization. P r Li Pi Wm is likely infl uenced by two relationships that have opposite effects on the coeffi cient: the considerable overlap in the lipid droplet and perilipin images within each cell represents a positive infl uence on P r Li PI Wm. However, the inverse relationship between lipid intensity (brightest in the center) and perilipin intensity (dimmest in the center) within each lipid droplet acts to diminish P r Li Pi Wm. Thus, P r Li PI Wm values in the 0.35 to 0.50 range are likely to be as high as can be obtained for the PAT protein family for adipocytes imaged using the conventional fl uorescence microscopy approach used in this study. In contrast, P r Li Pi Wm values near zero were obtained for lipid droplets versus the HSL label for adipocytes in control culture medium, indicating a random distribution between the lipid droplet stain and the HSL label.
The immunolabeling pattern for PKC in adipocytes yielded P r Li Pi Wm values that were intermediate between perilipin and the HSL, suggesting some degree of association of PKC with the lipid droplets. Both PKC-α and PKC-β are present in adipocytes. 86 Further, PKC isoforms regulate a variety of processes related to lipid droplet biology including expression of the PAT protein TIP47, 87 adipocyte differentiation, 88 magnolol-induced lipolysis, 89 and cholesterol-induced targeting of caveolin to lipid droplets. 90 The analysis described in the current study is the fi rst, to our knowledge, to imply an association of PKC with lipid droplets in human subcutaneous adipocytes. Colocalization analysis of ADFP and lipid droplets in hepatocytes provides insight into the likely mechanism via which ADFP participates in lipid droplet metabolism. In the absence of oleic acid, the AML12 cells displayed signifi cant label for ADFP, even though lipid droplets were relatively sparse. The M 1 coeffi cient, which provided an index of the degree to which the lipid droplet fl uorescent label was associated with ADFP label, was high (eg, ~0.7), indicating that most of the lipids were associated with ADFP in the control cells. In contrast, the M 2 coeffi cient, which provides an index of the percentage of ADFP fl uorescence intensity that is associated with lipid droplets, was low under control conditions indicating that much of the ADFP was independent of the relatively few and small lipid droplets found in the absence of oleic acid. When oleic acid was added, yielding larger and more numerous droplets, the M 2 coeffi cient strongly increased. This is the relationship that would be expected for a protein that is can be operated in a "batch" mode to analyze images acquired from hundreds of multiple-well dishes, and includes the ability to quantify colocalization of lipid droplets with proteins or any cellular structure that can be visualized by fl uorescent-labeling techniques. Future directions will include development of algorithms to quantify the spatial distribution of droplets within the cell and the analysis of lipid droplets in tissue sections.
